Abstract-The improved 2-D equivalent analytical calculation method to estimate conductive losses in gapped magnetic components in a wide range of frequencies is extended to the calculations of conduction losses in flyback transformers. The i2D method, that is applicable to power inductor, is extended is extended to the winding loss calculation in gapped transformers, such as flyback transformers, by means of harmonic decomposition of the current though the windings that allows the proximity field calculation and, afterward, the estimation of the losses in the windings.
INTRODUCTION
As the effect of the air gap in the winding loss is not considered in commonly used methods [1] [2] [3] [4] [5] [6] , the calculation of conduction losses in windings of gapped magnetic components cannot be accurately estimated using conventional approaches. As a consequence, numerical analysis tools, such as FEA tools, are often required for the component characterization [7] [8] [9] with the disadvantage of larger design time and the difficulty to implement iterative optimization processes.
Many methods used for the calculation of conduction loss in magnetic components are based on the winding's loss separation concept which allows the independent calculation of the effects of the local and external induced eddy-currents, and then the total winding loss is found to be the superposition of all the considered loss mechanisms (dc, skin, proximity). This concept conveniently allows the calculation of conduction loss by "modules" offering the possibility to evaluate each component of the loss in a different way, giving us flexibility in choosing a desired approach to estimate the different contributions of loss mechanism.
This concept is used independently of the assumed geometry of the fields in both 1-D and 2-D structures. In 1-D structures (field considered 1-dimensional), this is done calculating skin and proximity effects separately thanks to their orthogonality [2] - [3] , [5] , [11] - [15] and [24] - [25] but cannot be used in gapped magnetics where a 2-D component of the magnetic field, which is the fringing field of the air gap, shall be considered and introduced in the calculations. In this kind of structures, the field calculation is an important "intermediate" step to estimate the winding loss.
Several solutions in the state of the art can be used for the estimation of wingding loss in gapped magnetic components [10] - [12] , [17] - [28] . The solution presented in [10] accounts for gapped magnetic components with planar conductors and provides analytical expressions to determine the magnetic field at a given position from the gap and. The calculation of winding loss focused in the optimization of gapped inductors is handled in [11] , while [12] define an improved method for the field calculation used in [11] and, therefore, an improvement in the conductive loss calculations. This approach uses the mirror image technique and allows a tradeoff between accuracy and computational effort by choosing an appropriate number of images. What is really interesting about this method is that the core influence is "eliminated" replacing the air gap with an equivalent current sheet (that "produces" an equivalent magnetic field as the air gap). [17] - [19] , [23] and [28] deal with the calculation of winding loss in gapped inductors using a 2-D representation of the magnetic field H at an arbitrary position inside the window area of the core. As the magnetic field H is evaluated by means of the magnetic potential (in the form of, either, the vector or scalar potential) that fulfils the Laplace equation, this approach might result in complex equations that can be very difficult to implement (if its integration in a design and optimization tool is desired). A general procedure to extend, or apply, the loss separation concept to multi-winding components (that might have different currents in each) is explained in [21] and [20] and it is shown how to calculate the desired parameters using a winding loss/resistance matrix. In [13] a simple solution based on the well-known Dowell's method [1] is proposed, but it can be properly applied only in components whose windings are arranged in a "layered" structure which is not the case of winding structures in typical flyback transformers. In [15] an analytical 2D equivalent method based on the superposition of losses mechanisms (skin, gap and proximity) in the winding of the magnetic component based on a simple calculation of the fields is proposed.
In this paper, a procedure to extend the i2D analytical method [15] to the calculation of winding loss in gapped transformers, such as flyback transformers, is shown and compares the results with FEA calculations. Afterward, the method is used to estimate losses in the transformer of a flyback converter and the results are compared with measurements.
II. THE I2D METHOD
In [15] the power loss per unit length of a cylindrical conductor under a transverse magnetic field is calculated by means of expression (1) from [16] , where ber, bei, ber' and bei' are, respectively, the real and imaginary part of the Bessel functions of first kind and their derivatives, σ and μ the conductivity and permeability of the conductive material, r 0 is the radius of the conductor and H 0 is the magnitude of the transverse field to the conductor.
Where = √ and w is the angular frequency. Since the fringing field due to the air gap in a magnetic component ( fig. 1 ), Hg, is considered to be two-directional in the plain rz in cylindrical coordinates, any conductor affected by this fringing field will be exposed to its two components, Hr and Hz, both transverse to the conductor. The field components of Hg can be calculated, according to [10] , with (2) and (3) for r and z components respectively, where lg is half of the air gap length, r and z are the cylindrical coordinates respect of the origin (see figure 1) , m is equal to zero if + > and equal to 1 if r + z < l and ≅ 0.9 2 ⁄ with N and I equal to the number of turns and peak current through the winding, respectively.
( , ) = ln (2) ( , ) = − tan +
Since proximity and gap effects, are actually the same effect (external fields), they can be calculated using the same expression. If we assume that fringing and proximity fields are static and independent (and superposition theorem can be used), the Biot-Savart law (expression 4) can be used to calculate the magnetic field that is affecting a single conductor of length L due to the electric current I flowing through a near conductor at a position x by means of expression (5) At this point, Pr and Pz, that are the proximity loss components, can be calculated assuming H 0 as the sum of the corresponding components of the fringing and proximity fields in (1) . Then, the total loss per unit length of the considered conductor can be obtained as the sum of (6), and (7) multiplied by the square of the RMS current which are the proximity and skin effects contributions respectively.
A. I2D Limitations The i2D method has two important limitations that need to be considered: -The expressions (2) and (3), which are used to calculate the fringing field due to the air gap at a given position of the window breath, are limited to components with a symmetric gap with respect to its core. This means that they can only be used in concentric geometries with a central air gap placed in its central leg (such as RM, EE and ETD like structures). This approach, however, could be extended to components with distributed air gap as long as it position remains symmetric with respect to the core. In this case H g and H g ', which are the magnitude of the reference sources (in central and external legs) of the fringing field, must be calculated in a different way (for instance, using a reluctance model).
-Since it is a simplified method, where the fringing and proximity fields are considered to be "static and independent" and are calculated separately, an error, especially at high frequencies, is introduced in the calculation of the fields and, thus, in the calculation of losses. Moreover, the main equation which uses Bessel functions that are not very accurate at high frequencies when it is applied to close packed windings, expression (1), which is valid for a homogeneous magnetic field, is used in an application where the external field is not uniform and this is, also, a source of errors in the estimations.
III. I2D EXTENSION TO GAPPED TRANSFORMERS
A natural way to use the i2D method in flayback transformers is the calculation of the loss in each winding by separate at each frequency point. For instance, consider the case of figure 2. During T1, when primary winding is conducting I 1 , the power loss can be found evaluating the proximity loss (external fields) in windings W 1 
= + (10) This is not different than the application in power inductors. In fact it's just like applying the i2D method in two inductors (but considering the eddy losses in additional non-excited conductors). This leads to the necessity of applying i2D two times in the same component (at each state).
In order to avoid this "double application", the currents through the windings can be considered as flowing simultaneously by means of the analysis in frequency domain. This is carried out through the harmonic decomposition of the currents in the windings and calculating the proximity loss, as well as the skin loss, at any frequency point by means of the calculation of the fields according to the corresponding values of the primary and secondary currents at the same time. This way the fringing field source, H g , can be assumed as the same for both windings, since N 1 I 1 = N 2 I 2 , and is calculated according to the peak value of the current at the considered harmonic (using either I 1 or I 2 for the determination of H g ). The field components, Hr and Hz, are evaluated with (2) and (3) respectively. The proximity fields are calculated with (5) using the corresponding current for the considered turn (where the direction of the currents is considered as a phase information in the frequency domain).
The analytical results of components in the fig. 3 are compared with FEA in table 1. It can be seen that the i2D analytical model that was used for computing the winding loss shows very good results with respect to FEA calculations, which is considered a very accurate solution. Also, the results using the skin depth approach (which does not include the effect of the fringing field) are included in the table in order to compare with a commonly used calculation method (in these results, the proximity effect is not considered because the commonly used 1D approach cannot be applied to the given 2D winding structures). 
IV. RESULTS
The results of the application of the i2D model in flyback transformers are compared with FEA and measurements on a SMPS prototype.
In order to compare with FEA, consider the transformers shown in figure 3 as three possible designs of a transformer for a hypothetical SMPS working in continuous conduction mode at 400 kHz (see the waveform of the currents in figures 2d an 2e) with input and output voltages of 24 V and 80 V respectively and 160 W of nominal power. The transformers were modeled in the FEA tool ANSYS MAXWELL using the structure transformation described in [17] and simulated at different frequencies that correspond to the first 15 harmonics of the currents. A copper conductivity of 45.249x10 6 S/m was used for the conductors.
The analytical results for components 3a, 3b and 3c are compared with FEA in table 1. It can be seen that the i2D analytical model that was used for computing the winding loss shows very good results with respect to FEA calculations, which is considered a very accurate solution. Also, the results using the skin depth approach (which does not include the effect of the fringing field) are included in the table in order to compare with a commonly used calculation method (in these results, the proximity effect is not considered because the commonly used 1D approach cannot be applied to the given 2D winding structures). A further comparison against measurements on a flyback converter prototype has been done. Three different transformers were built ( fig. 4) and used in the flyback prototype of fig. 5a . The characteristics of the transformers as well as the operating conditions and measurements in the converter are stated in table 2, 3a and 3b respectively. The duty cycle has been fixed (around 15% and 50%) in all tests and is also specified in the operating condition in table 3a. The calculated results (by means of the skin depth approach and the proposed method) are compared with measured values in table 3b.
The operating frequency is 100 kHz. The driving signal for the main switch is generated in a digital control board which is supplied with a different power source. Since the focus is to measure the power loss in the transformers, no special care was taken in the design of the converter. A dissipative clamping circuit is used for limiting the voltage spikes in the transformers (Cs = 880pF and Rs = 66Ω).
A. Measurement Setup and Procedure
In order to measure the power loss in the transformers we followed the procedure detailed bellow: -For a given load in the converter, the input and output power are measured using precision meters while an infrared camera is used to register the temperature of the semiconductors (main switch, the clamping diode and output diode) and the clamping resistor. The total loss in the converter is difference between the measured input and output power.
Since a regulated source is used for the input voltage, no input capacitor is used in order to avoid additional loss due to the corresponding ESR. Also the required output capacitance, as well as the clamping capacitance, is obtained stacking a big number of parallel capacitors (also in order to reduce ESR).
-The semiconductors and clamping resistor are later characterized in order to subtract the corresponding loss from the measured values. To do this, the information taken from the thermal monitoring is used (every component is characterized in order to define their associated losses at a given temperature corresponding to the considered operating points). This is done pushing a controlled dc current through the device to make it reach the same temperature that was observed during operation, associating a given temperature with a specific power loss.
-Then the power loss in the transformer (that includes the core loss) is assumed to be the difference between the total power loss and losses in the semiconductors and clamping circuit.
-The core loss is later taken out from the obtained value by means of the subtraction of an analytically calculated core loss [29] using (12), where k, α and β are the Steinmetz parameters of the used magnetic materials (taken from datasheet). The waveform of the flux density is determined according to the measured values of the currents, or voltages, in the transformer (magnetizing current).
( ) = ∫ * The improved analytical method for calculating winding loss in gapped magnetic components is extended to the calculation of conductive losses in gapped transformers through the harmonic decomposition of the currents and assuming them, at any frequency point, flowing through both windings at the same time. As the fields are considered "independent and static" in order to use superposition and BiotSavart law, the same limitations regarding the accuracy that are present in the i2D method remain in this extension.
The analytical results are compared with numerical calculations (FEA) and measurements from which the validity of the calculation method can be derived.
